To estimate the net (i.e., overall) effect of highly active antiretroviral therapy (HAART) on time to acquired immunodeficiency syndrome (AIDS) or death, the authors used inverse probability-of-treatment weighted estimation of a marginal structural model, which can appropriately adjust for time-varying confounders affected by prior treatment or exposure. Human immunodeficiency virus (HIV)-positive men and women (n = 1,498) were followed in two ongoing cohort studies between 1995 and 2002. Sixty-one percent (n = 918) of the participants initiated HAART during 6,763 person-years of follow-up, and 382 developed AIDS or died. Strong confounding by indication for HAART was apparent; the unadjusted hazard ratio for AIDS or death was 0.98. The hazard ratio from a standard time-dependent Cox model that included time-varying CD4 cell count, HIV RNA level, and other time-varying and fixed covariates as regressors was 0.81 (95% confidence interval: 0.61, 1.07). In contrast, the hazard ratio from a marginal structural survival model was 0.54 (robust 95% confidence interval: 0.38, 0.78), suggesting a clinically meaningful net benefit of HAART. Standard Cox analysis failed to detect a clear net benefit, because it does not appropriately adjust for time-dependent covariates, such as HIV RNA level and CD4 cell count, that are simultaneously confounders and intermediate variables.
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In 1997, a randomized trial conducted by AIDS Clinical Trials Group 320 demonstrated that treatment with highly active antiretroviral therapy (HAART) halved the hazard of acquired immunodeficiency syndrome (AIDS) or death (hazard ratio (HR) = 0.50, 95 percent confidence interval (CI): 0.33, 0.76) in comparison with less potent combination antiretroviral therapy among human immunodeficiency virus (HIV)-infected patients with CD4 cell counts less than 200 cells/mm 3 at randomization (1) . Observational studies have been unable to consistently replicate this result using standard statistical methods (e.g., regression or stratification) (2) . One study even reported a harmful effect of HAART on time to AIDS or death (adjusted HR = 1.20, 95 percent CI: 1.01, 1.44) (3) .
In observational studies, persons who initiate HAART are usually those with poorer values for prognostic biomarkers (i.e., confounding by indication) (4), such as low CD4 cell count and high plasma levels of HIV type 1 (HIV-1) RNA (5) . Therefore, one needs to adjust for these time-varying confounders to estimate the effect of HAART on AIDS or death. However, including these time-varying confounders as covariates in standard survival models (e.g., Cox models) may yield an association measure (e.g., hazard ratio) that cannot be interpreted as the overall or net effect of HAART, because current CD4 cell count and HIV RNA level are themselves strongly influenced by past HAART exposure (6) (7) (8) . In the absence of confounding by other unmeasured factors, the HAART effect in such a model may represent the direct effect of HAART not mediated through CD4 count and HIV RNA. Since it is likely that much of the effect of HAART on AIDS-free survival is mediated by its effect on CD4 count and HIV RNA level, one could expect that such an association measure for HAART would be an underestimate of the net effect of HAART. Below, we estimate the net effect of HAART on AIDS-free survival in prospective observational data using a marginal structural model, which appropriately adjusts for confounding by time-varying factors affected by treatment.
MATERIALS AND METHODS

Data
In this analysis, we utilized information from two ongoing prospective studies of the natural history of HIV infection: the Multicenter AIDS Cohort Study (9) and the Women's Interagency HIV Study (10) . The Multicenter AIDS Cohort Study, beginning in 1984, enrolled 5,622 homosexual men in four US cities: Baltimore, Maryland; Chicago, Illinois; Pittsburgh, Pennsylvania; and Los Angeles, California. The Women's Interagency HIV Study, beginning in 1994, enrolled 2,628 women in five US cities: New York, New York; Chicago, Illinois; Los Angeles, California; San Francisco, California; and Washington, DC. Institutional review boards approved all protocols and informed consent forms, which were completed by study participants in both cohorts. The results presented here are limited to the 1,498 participants who were HIV-positive and AIDS-free and had not initiated HAART prior to the first eligible study visit (see below).
Every 6 months, participants in both studies completed an extensive interviewer-administered questionnaire giving information on antiretroviral treatment and HIV-related symptoms and provided a blood sample for the determination of CD4 cell count and plasma HIV-1 RNA level. The definition of HAART followed the Department of Health and Human Services/Kaiser Panel guidelines (11) . HAART was defined as 1) use of two or more nucleoside (or nucleotide) reverse transcriptase inhibitors (NRTIs) in combination with at least one protease inhibitor or one non-NRTI; 2) use of one NRTI in combination with at least one protease inhibitor and at least one non-NRTI; 3) a regimen containing ritonavir and saquinavir in combination with one NRTI and no non-NRTIs; or 4) an abacavir-containing regimen of three or more NRTIs in the absence of both protease inhibitors and non-NRTIs. Combinations of zidovudine and stavudine with either a protease inhibitor or a non-NRTI were not considered HAART. Therapy regimens not classified as HAART were categorized as either monotherapy or combination antiretroviral therapy. Once a participant reported initiation of HAART, he or she was assumed to have remained on HAART for the duration of follow-up. This simplifying assumption correctly classified 94 percent of the observed person-time. An indicator variable for Pneumocystis carinii pneumonia (PCP) prophylaxis was constructed using reports of trimethoprim, bactrim, aerosolized pentamidine, and dapsone use. T-cell subsets were determined by immunofluorescence using flow cytometry in laboratories participating in the National Institute of Allergy and Infectious Diseases quality assurance program. Baseline CD4 cell count was modeled in three categories: <200, 200-350, and >350 cells/mm 3 . Time-varying CD4 cell count was modeled using a restricted cubic spline with four knots located at the 5th, 35th, 65th, and 95th percentiles.
HIV-1 RNA viral load was quantified using a reverse transcription polymerase chain reaction amplification technique (Roche Molecular Systems, Branchburg, New Jersey). Baseline RNA level was modeled in three categories: <401, 401-10,000, and >10,000 copies/ml. Time-varying RNA level was modeled as an indicator of detection (the detection limit was 400 copies/ml) in concert with a restricted cubic spline with four knots located at the 5th, 35th, 65th, and 95th percentiles for the log 10 -transformed detected measurements (set to zero for undetected measurements). An indicator variable for the presence of any HIV-related symptoms was constructed using reports of persistent fever, diarrhea, night sweats, and weight loss. Longitudinal data were carried forward from the most recent observed value for the 10 percent of anticipated visits that were missed. Alternate analyses restricted to participants with complete data at baseline or multiply imputed missing baseline data yielded similar results (data not shown).
The outcomes of interest were first diagnosis of clinical AIDS or death from any cause. The 1993 Centers for Disease Control and Prevention clinical conditions criteria were used to define clinical AIDS (12) . Therefore, participants with CD4 cell counts less than 200 cells/mm 3 but no clinical conditions were not considered to have clinical AIDS. A description of outcome ascertainment has been published elsewhere (9, 13) . Briefly, physician or hospital records were used to confirm reported cases of clinical AIDS in the cohort of men, while in the cohort of women, clinical AIDS was self-reported. Deaths were ascertained using death certifi-
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Each participant contributed a maximum of 13 personvisits of follow-up from the baseline visit (first visit after October 1995) to the last visit at which he or she was seen free of clinical AIDS and alive or the visit before April 2002, whichever came first. Follow-up of participants missing any time-varying characteristic at baseline started at the first subsequent visit at which values were observed.
Marginal structural model
We used a weighted pooled logistic regression model to approximate the parameters of a marginal structural Cox model, as described by Hernán et al. (14, 15) . Pooled logistic regression approximates the Cox model well when the risk of events is less than 10 percent per person-time interval (16) ; herein, the maximum visit-specific risk of AIDS or death was 6 percent.
Time was measured in semiannual visits from the beginning of follow-up and took values (k) from zero (October 1995-April 1996) to 12 (October 2001-April 2002). The subscript i, denoting the subject, is often suppressed, because we assumed that the random vector of data for each subject was drawn independently from an identical distribution. Let D(k + 1) be an indicator of first diagnosis of clinical AIDS or death between visits k and k + 1. Let X(k) be a time-varying indicator of HAART initiation at or before visit k, with X(-1) ≡ 0, since the study population was selected to not have HAART exposure prior to the first eligible visit. Let L(k) be a vector of time-varying covariates measured at visit k -1, so that L(k) is temporally prior to X(k), with L(0) being the vector of covariates measured at the visit preceding the study period (i.e., the "baseline" visit). For the present analyses, L(0) consisted of age, gender, race, calendar year at study entry, baseline use of (mono-and combination) antiretroviral therapy, and baseline CD4 and RNA categories; L(k) further consisted of CD4 count, RNA level, HIV symptoms, indicators of (mono-and combination) antiretroviral therapy and PCP prophylaxis, and number of days since the prior visit.
For persons who remained AIDS-free, alive, and under follow-up at visit k + 1, we fit the pooled logistic regression model
where β 0 (k) is a visit-specific intercept (which we modeled as a restricted cubic spline with four knots at the 5th, 35th, 65th, and 95th percentiles for the number of days since the baseline visit). The contribution of participant i to the calculation at visit k is weighted by W i (k), which is the product of the estimated inverse probability-of-treatment weight and the inverse probability-of-censoring weight, namely
In the absence of unmeasured confounding, unmeasured informative censoring, and model misspecification, exp(β 1 ) is a consistent and asymptotically normal estimator of the hazard ratio, which compares the hazard of AIDS or death had everyone initiated HAART at baseline with the hazard had no one initiated HAART during followup (8) . Therefore, we compared continuous HAART exposure against the collective of no therapy, monotherapy, or combination therapy.
Informally, each participant's inverse probability-oftreatment weight is the inverse of the probability of receiving the treatment history he or she did in fact receive by visit k. Specifically, where f [·] is by definition the conditional density function evaluated at the observed covariate values for a given subject and is the history of time-varying covariates up to time j, including baseline covariates L(0). The approach using the inverse probability-of-treatment weight adjusts for confounding by the variables that are used to create the weights and can be viewed as a generalization of the Horvitz-Thompson estimator (17) . Since the inverse probability-of-treatment weight and the inverse probability-ofcensoring weight are unknown, we estimate them using the predicted values from pooled logistic models for the probabilities of initiating HAART and of censoring, respectively.
In the absence of unmeasured confounding, unmeasured informative censoring, and model misspecification, weighting creates a pseudo-population in which 1) the probabilities of treatment (i.e., HAART) and censoring are not a function of the time-varying covariates but 2) the effect of HAART on time to clinical AIDS or death is the same as in the original population. Thus, the inverse probability-oftreatment weight effectively removes any association between prior confounding variables and HAART but preserves the relation between HAART and clinical AIDS or death.
A fuller account of the covariate histories (i.e., including covariates measured at k -2 and k -3), a less restrictive functional form for age, and a broader set of covariates (e.g., white blood, red blood, platelet, CD3, and CD8 cell counts; body mass index (weight (kg)/height (m) 2 ); an indicator of the last visit having been missed) did not appreciably alter our results. The Hosmer-Lemeshow goodness-of-fit χ 2 value for the final model for the denominator of the weights W i X (k) was 23 with 8 degrees of freedom.
To increase the efficiency of our estimator, we stabilized the weights (14, 15) . Note that the marginal structural model includes as regressors the baseline variables (age, gender, race, baseline CD4 count, and RNA level) used to stabilize the weights. For computational details and an example of the SAS code, see Hernán et al. (14) . Confidence intervals for the inverse probability-of-treatment weight estimators of the marginal structural model are based on robust variance estimates (18) and are conservative (wider than need be) (19, 20) . To ensure that we were not being overly conservative in using the robust variance estimate, we compared the conservative confidence intervals with a simple percentile-based nonparametric bootstrap confidence interval calculated from 500 full samples (with replacement) from the observed data.
Note that since baseline covariates L(0) are included in the model, one can also include in the model interaction terms between time-dependent HAART and baseline covariates in order to estimate the hazard ratio at specific levels of the baseline covariates. Specifically, we report on how the effect of HAART is modified by gender and by baseline CD4 cell count categories. Since we are comparing the static regimens "treat always" and "treat never," baseline CD4 count is the CD4 count that subjects would have had at HAART initiation. To our knowledge, this is the first application of marginal structural models with planned exploration of effect modification by baseline covariates. The proportional hazards assumption was not rejected when we estimated the effect of HAART in subperiods (halves) of follow-up time (robust p = 0.58) (21) . We also estimated the joint effects of HAART and PCP prophylaxis on time to AIDS or death using a marginal structural model (15) . Briefly, we restricted the analysis to the 1,016 (of 1,498) men and women who were naïve to HAART and had not been on PCP prophylaxis during the year prior to study initiation and then estimated inverse probability weights for HAART, PCP prophylaxis, and censoring. The final pooled logistic model was weighted by the product of all three weights. This model included baseline covariates, time-varying HAART and PCP prophylaxis, and their interaction. Using this model, we estimated a pair of hazard ratios for AIDS or death. The first hazard ratio was for the comparison of HAART with no HAART under continuous PCP prophylaxis, while the second was for the comparison of HAART with no HAART under no PCP prophylaxis. All analyses were conducted using SAS, version 8 (SAS Institute, Inc., Cary, North Carolina). Table 1 presents the data at study entry and averaged over AIDS-free survival time for the 1,498 participants who were followed for up to 6.5 years (median, 5.4 years). During 6,763 person-years of follow-up, 323 incident cases of clinical AIDS and 59 deaths occurred, yielding an incidence of six events per 100 person-years for the combined study endpoint. Of 1,116 censored participants, 857 (77 percent) were still under observation in April 2002. At study entry, the participants had a median age of 39 years; 66 percent were female, and 37 percent were Caucasian. Seventeen percent of the participants had CD4 cell counts less than 200 cells/mm 3 at study entry, while 58 percent had CD4 counts greater than 350 cells/mm 3 . Twenty-eight percent of the participants had plasma RNA levels less than 401 copies/ml, while 54 percent had RNA levels greater than 10,000 copies/ ml. The incidence of HAART initiation was 22 per 100 person-years (918 participants initiated HAART). Hazard ratios and 95 percent confidence intervals for initiation of HAART are presented in table 2. Caucasians initiated HAART at 1.33 times the rate of non-Caucasians (95 percent CI: 1.09, 1.61). Participants with prior-visit CD4 counts less than 200 cells/mm 3 initiated HAART at more than twice the rate of those with CD4 counts greater than 350 cells/mm 3 (HR = 2.26, 95 percent CI: 1.79, 2.85). Participants with RNA levels greater than 10,000 copies/ml at the prior visit were nearly three times more likely to initiate HAART than those with less than 401 copies/ml (HR = 2.75, 95 percent CI: 2.22, 3.41). In addition, use of antiretroviral therapy at the prior visit was strongly associated with an increased rate of HAART initiation. Table 3 shows various estimates of the hazard ratio for clinical AIDS or death due to HAART. The unadjusted hazard ratio suggested no benefit from HAART (unadjusted HR = 0.98, 95 percent CI: 0.76, 1.26). This apparent lack of treatment benefit is due to the strong confounding by indication for therapy, whereby the sickest participants are the most likely to initiate HAART (see table 2) (5). The hazard ratio adjusting for both baseline characteristics (age, gender, race, calendar year at entry, antiretroviral therapy, and baseline CD4 and RNA categories) and time-varying characteristics (CD4 count, RNA level, HIV symptoms, antiretroviral therapy, PCP prophylaxis, and days since last visit) using a standard time-varying Cox (i.e., pooled logistic) model was 0.81 (95 percent CI: 0.61, 1.07). The hazard ratio from a marginal structural model, which accounted for the same set of covariates, was 0.54 (robust 95 percent CI: 0.38, 0.78). The empirical 95 percent confidence interval obtained by bootstrapping was 0.37, 0.81; this suggests that the robust interval was not noticeably conservative in this example. Analysis with the inverse probability-of-treatment weights trimmed at the first and 99th percentiles produced results similar to those of the untrimmed analysis (HR = 0.62, robust 95 percent CI: 0.44, 0.88). Restricting the analysis to 600 (40 percent of 1,498) participants who were on either monotherapy or combination antiretroviral therapies at study entry yielded a similar hazard ratio, albeit with less precision because of the reduced number of events (HR = 0.51, robust 95 percent CI: 0.29, 0.87).
RESULTS
The effects of HAART were similar among men and women (robust p = 0.87). Figure 1 depicts the heterogeneity of the effect of HAART by baseline CD4 cell count. Specifically, HAART had a stronger relative effect on clinical AIDS or death among participants who had lower baseline CD4 cell counts (robust p < 0.01). Among those with CD4 counts less than 200 cells/mm 3 at baseline, the hazard ratio was 0.36 (robust 95 percent CI: 0.20, 0.64), while among those with CD4 counts of 200-350 cells/mm 3 , the hazard ratio was 0.46 (robust 95 percent CI: 0.27, 0.81). There was no strong benefit from HAART for participants with CD4 counts greater than 350 cells/mm 3 at study entry (HR = 0.82, robust 95 percent CI: 0.54, 1.27) .
The subgroup analysis (in 1,016 of 1,498 subjects) carried out to estimate the joint effects of HAART and PCP prophylaxis did not detect a statistically significant interaction 
DISCUSSION
Observational cohort studies collecting comprehensive longitudinal data provide a valuable source of information supplementing efficacy measures from randomized trials. In the absence of data from randomized trials, prospective observational data are often the best available evidence for assessment of therapeutic effects. Using a marginal structural model, we estimated that the net hazard of clinical AIDS or death was markedly reduced under continuous exposure to HAART in the Multicenter AIDS Cohort and Women's Interagency HIV studies. In contrast, the adjusted hazard ratio from a standard time-dependent Cox model was attenuated towards 1. This latter estimate is probably a nullbiased estimate of the net effect of HAART, because this standard approach effectively excludes causal pathways from HAART to prolonged AIDS-free survival that operate through measured intermediate variables (e.g., HIV RNA level and CD4 cell count). Furthermore, in addition to excluding or blocking intermediary causal pathways, the standard approach can also induce selection bias by implicitly conditioning on variables affected by treatment (22, 23) .
Exposure to HAART extended time to clinical AIDS or death, with modification by baseline CD4 count: The effect of HAART on the hazard ratio scale was strongest among persons with baseline CD4 counts less than 200 cells/mm 3 . Our primary analysis may be thought of as an attempt to use observational data to simulate the results one would obtain in an intention-to-treat analysis of an unmasked randomized clinical trial. In the stratum where data overlap (i.e., baseline CD4 count less than 200 cells/mm 3 ), our result is consistent with, albeit stronger than, that of the AIDS Clinical Trials Group 320 randomized trial (1) . Our somewhat stronger result may be due to 1) our comparison group's being more heterogeneous (i.e., therapy-naïve, monotherapy and combination therapy) than that in the trial (i.e., combination therapy alone), 2) our duration of follow-up being considerably longer than the trial's, 3) noncompliance with initial randomized assignment in the trial, 4) model misspecification or other uncontrolled sources of bias in our observational analysis, and/or 5) sampling variability. The secondary analysis of the joint effects of HAART and PCP prophylaxis initiation may be thought of as an observational analog to an intention-to-treat analysis of an unmasked 2 × 2 factorial randomized clinical trial.
Our result is consistent with the findings of Detels et al. (24) . They used calendar period as an instrumental variable (25) for HAART exposure in a subset of Multicenter AIDS Cohort Study men for whom seroconversion dates were known (n = 536) and reported a hazard ratio for incident AIDS or death of 0.35 (95 percent CI: 0.20, 0.61) in a comparison of the time period following HAART introduction with the time period of monotherapy. Men initiating HAART in the analysis of Detels et al. were likely to have low CD4 counts, because the sickest individuals were treated with HAART during its inception.
We found no strong beneficial effect of HAART for persons with baseline CD4 counts greater than 350 cells/ mm 3 . This result differs from the results of Jacobson et al. (26) among Multicenter AIDS Cohort Study participants who initiated HAART at CD4 counts greater than 350 cells/ mm 3 . Jacobson et al. compared the static regimens "treat always" and "treat never" using historical controls. The present analysis compared the static regimens "treat always" and "treat never" using contemporaneous controls. Jacobson et al. demonstrated notable HIV disease progression in the stratum where baseline CD4 count was greater than 350 cells/mm 3 using the historical comparison group. In contrast, in our analogous stratum, a large proportion of the contemporaneous controls did not demonstrate notable HIV disease progression. Thus, our results in the stratum where baseline CD4 count was greater than 350 cells/mm 3 are probably approximately equal to those from a comparison of the static regimen "treat always" with the dynamic regimen "treat when CD4 count is less than 350." Evidence is accumulating on the finding that initiating HAART while the CD4 count is greater than 350 cells/mm 3 may not confer additional protection relative to initiating HAART when the CD4 count reaches 350 cells/mm 3 (27) (28) (29) .
Our hazard ratio estimate can be interpreted as the net effect of HAART only under the assumptions of no unmeasured confounding, no unmeasured informative censoring, and no model misspecification. The foremost assumption may hold approximately, because the most important clinical and laboratory data used by physicians as indications to initiate HAART were collected and used in models for the inverse probability-of-treatment weight (5) . Neither the present analyses nor past analyses (14, 15) suggested that there was notable informative censoring in these data due to measured covariates. Regarding model misspecification, exploration of a broad class of functional forms and summary measures of covariate histories (as described in Materials and Methods) did not appreciably alter our results. However, our results may be sensitive to the relative infrequency of data collection (i.e., 6-month intervals). Misclassification due to this coarse measurement (with respect to time) could have reintroduced some confounding, which could bias the estimated hazard ratio in either direction (30) . An explicit examination of the sensitivity of our findings to such coarse measurement is warranted. Exploration of the change in a biomarker (e.g., CD4 count) may provide a more sensitive test of the effect of HAART on HIV disease progression than the clinical endpoints used in this analysis (i.e., AIDS or death). This is the topic of ongoing research.
Inverse probability weighting estimation of marginal structural models is an alternative to g-estimation of nested structural models or the g-computation formula (6) . The nonparametric g-formula requires low-dimension data and is therefore practical only in select applications. As with any statistical method, marginal structural models have limitations. First, methods based on inverse probability-of-treatment weights make an internal comparison and therefore are valid to the extent that the unexposed group reflects the potential outcomes of the exposed group had they not been exposed (31) . While context-specific arguments can be made that external comparison groups may better reflect the potential outcomes of the exposed group, such external comparisons are subject to a similar comparability assumption. Second, marginal structural models, unlike nested structural models, cannot be applied to scenarios where there is a structural probability of 0 or 1 for treatment at a certain level of the covariates. Third, in assessment of the effect of a dynamic treatment regimen (i.e., when interest lies in describing how a time-varying treatment interacts with a time-varying covariate), marginal structural models are less useful than nested structural models (6) . Our analysis concentrated on the regimens "treat always" and "treat never." Therefore, our analysis does not directly answer the question of when, with respect to the evolution of CD4 cell count, to initiate HAART. To answer such a question with randomized data, one would conduct a "deferment" trial, wherein, for example, patients with CD4 counts between 200 cells/mm 3 and 350 cells/mm 3 are randomized to immediate treatment with HAART or HAART treatment deferred until the CD4 count crosses below 200 cells/mm 3 . In future work using nested structural models and these observational data, we will attempt to answer such questions. We expect that more marked differences between structural and standard methods will be found as an increasing number of epidemiologists become familiar with these novel and appealing quantitative methods.
